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(57) ABSTRACT

An optical pick-up includes light sources for emitting light
beams having different wavelength, the light sources being
switched according to the kind of optical discs, a refractive
lens element for converging the light beams from the light
sources onto recording layer of the optical disc; and a
spherical aberration correcting element on which a concen-
tfric phase grating structure 1s formed, the phase grating
structure altering spherical aberration in response to change
of wavelength to correct change of the spherical aberration
due to change of the thickness of the cover layer. The
spherical aberration correcting element has a wavelength
dependence such that spherical aberration varies in the
undercorrected direction as wavelength of incident light
INcreases.
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OPTICAL PICK-UP

BACKGROUND OF THE INVENTION

The present mvention relates to an optical pick-up of an
optical disc apparatus that 1s able to record/reproduce data of
a plurality of kinds of optical discs whose cover layers have
different thickness. Particularly, the present invention relates
to the optical pick-up that has a combination of a refractive
lens element and a diffractive element.

The optical disc includes an information layer on which
digital information is recorded, and a transparent cover layer
that covers the information layer. A laser beam from the
optical pick-up forms a beam spot on the mnformation layer
through the cover layer. The distance between the optical
pick-up and the information layer varies depending upon the
thickness of the cover layer.

Namely, the thicker the cover layer 1s, the farther the
distance to the beam spot from the optical pick-up 1s. For
example, since the cover layer of a compact disc (CD) or that
of a CD-R has the thickness of 1.2 mm, and the thickness of
the cover layer of a digital versatile disc (DVD) is 0.6 mm,
the optical pick-up 1s required to move the beam spot away
from the optical pick-up by 0.6 mm in the cover layer (0.4
mm in air) when the DVD is replaced with the CD or the
CD-R.

Although a paraxial beam spot moves as the objective
lens 1s moved, the change of the thickness of the cover layer
changes spherical aberration. If the optical pick-up only
moves the objective lens when the disc 1s replaced, wave
front aberration of the laser beam 1s deteriorated. Thus, the
diameter of the beam spot 1s increased, which prevents the
optical disc apparatus from reproducing the recorded infor-
mation from the CD. For instance, when the objective lens,
which 1s designed to minimize the spherical aberration when
the recorded information 1s reproduced from the DVD, is
used for reproducing the information from the CD, the
spherical aberration becomes too large to reproducing the
information even it the objective lens moves to bring the
beam spot to be coincident with the information layer.

Theretore, there 1s known as prior art, an optical pick-up
that adjusts the condition of the laser beam entering into the
objective lens according to the thickness of the cover layer.

For example, Japanese Provisional Patent Publication No.
HEI 7-98431 discloses such an optical pick-up. The optical
system shown 1n this publication employs a holographic lens
on the laser source side of the objective lens to divide the
laser beam from the laser source 1nto a zero order parallel
diffractive beam and a first order divergent diffractive beam.
The zero order diffractive beam 1s used for the optical disc
having a thinner cover layer (i.e., the DVD)) the first order
diffractive beam 1s used for the optical disc having a thicker
cover layer (1.e., the CD and CD-R). The optical pick-up of
the publication enables to form the diffraction-limited beam
spots for the respective optical discs when the holographic
lens 1s designed to obtain the most suitable laser beams
according to the thickness of the cover layers.

However, since the optical pick-up of the publication
always divides the laser beam from the laser source nto the
zero and first order diffractive beams, and only one of these
beams 1s used for recordmg/reproducmg information at a
fime, the maximum efficiency in use of the light quantity 1s
not more than 40%.

Further, when one of the diffractive beams 1s being used
for recording/reproducing the information, the other diffrac-
five beam 1s an unnecessary beam, which increases noise.
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Still further, the recording density of the DVD 1s higher
than that of the CD, which requires the optical pick-up for
the DVD to form a smaller beam spot than the opftical
pick-up designed for the exclusive use of the CD
(hereinafter referred as an exclusive CD pick-up). Since the
diameter of the beam spot has a positive correlation with the
wavelength of the laser beam, the optical pick-up for the
DVD requires the laser source whose oscillation wavelength
1s 635 through 660 nm that 1s shorter than the oscillation
wavelength of the exclusive CD pick-up (i.e. 780 through
830 nm). On the other hand, the reflection characteristics of
the CD-R requires the laser source whose oscillation wave-
length 1s about 780 nm.

Accordingly, when the optical pick-up having a single
laser source as described 1n the publication employs a laser
source that emits a laser beam having a shorter oscillation
wavelength, 1t cannot reproduce the information from the

CD-R.
SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
an objective lens for an optical pick-up, which 1s capable of
recording/reproducing information on a plurality of kinds of
the optical discs (e.g., CD, CD-R and DVD) whose cover
layers are different 1n the thickness. Further, the present
invention 1s aimed to provide a composite objective lens that
has higher efficiency in use of the light quanftity than the
conventional optical pick-up as disclosed in the above-
identified publication.

For the above object, according to the present invention,
there 1s provided an improved optical pick-up, which
includes:

a plurality of light sources for emitting light beams having
different wavelength, the light sources being switched
with each other according to the kind of optical disc,
used;

a refractive lens element for converging the light beams
from the light sources onto a recording layer of the
optical disc; and

a spherical aberration correcting element on which a
concentric phase grating structure 1s formed, the phase
ograting structure altering spherical aberration in
response to change of wavelength to correct change of
the spherical aberration due to change of the thickness
of the cover layer.

With this construction, since the spherical aberration
correcting element changes spherical aberration correspond-
ing to a change of the wavelength of the laser beam, the
switch of the laser sources can compensate a change of
spherical aberration due to the change of the cover layer’s
thickness.

The spherical aberration correcting element preferably
has no paraxial power, and diffracts the light beams 1n the
same diffractive order, for example, 1n a first diffractive
order.

Further, the light source having shorter emitting wave-
length may be used for the optical disc having a thinner
cover layer that has higher recording density, and the light
source having a longer emitting wavelength may be used for
the optical disc having a thicker cover layer that has lower
recording density. In such a case, the peripheral area of the
spherical aberration correcting element 1s preferably opti-
mized for the optical disc having the thinner cover layer with
the shorter wavelength. The peripheral area is the outside of
an elfective diameter corresponding to numerical aperture
required for the optical disc having the thicker cover layer.
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In other definition, the peripheral area 1s the outside of a 85%
line of an effective diameter of the spherical aberration
correcting element. The peripheral area may be formed as a
continuous surface or a grating surface. In the later case, a
blazed wavelength of the peripheral area should be shorter
than that of the central area.

The spherical aberration correcting element maybe
located between the light sources and the refractive lens
clement. The refractive lens eclement and the spherical
aberration correcting element constitute a composite objec-
tive lens. The composite objective lens may be designed for
an 1nfinite system 1n which parallel light beams are incident
on the lens or a finite system 1n which divergent light beams
are incident on the lens. In the mfinite system, a collimator
lens 1s required between the light sources and the composite
objective lens.

Further, the spherical aberration correcting element pret-
erably has a wavelength dependence such that spherical
aberration varies in the undercorrected direction as wave-
length of incident light increases.

As described above, the spherical aberration varies 1n the
overcorrected direction as the thickness of the cover layer
increases. Therefore, when a longer wavelength laser source
1s used for an optical disc having a thicker cover layer, and
a shorter wavelength laser source 1s used for an optical disc
having a thinner cover layer, the change of the spherical
aberration due to change of the cover layer’s thickness 1s
corrected by the above-mentioned wavelength dependence
of the spherical aberration correcting element.

An additional optical path length added by the phase

grafing structure 1s expressed by the following optical path
difference function ®(h):

O(h)=(P,h*+P 1 +P 3%+ . . . )x\

where P,, P, and P, are diffractive coeflicients of second,
fourth and sixth orders, h 1s a height from the optical

axis and A 1s wavelength of incident light.
The phase grating structure of the spherical aberration
correcting element may satisfy the following condition (1);

~15<®(h,5)/h=Pox(hys) <=7 (1)

where h,. 1s the height from the optical axis of a point

where a light ray whose NA 1s 0.45 intersects the phase
grafing structure.

Preferably, one surface of the spherical aberration cor-
recting element 1s a continuous surface and the other surface
thereof 1s the grating surface. A base curve of the grating
surface may be a flat plane or a rotationally symmetrical
aspherical surface. The base curve 1s defined as a shape of
the surface that does not include the phase grating structure.

DESCRIPTION OF THE ACCOMPANYING
DRAWINGS

FIG. 1 shows an optical system of an optical pick-up
according to a first embodiment;

FIG. 2A 1s a front view of a spherical aberration correct-
ing element used 1n the optical system of FIG. 1;

FIG. 2B 1s a cross-sectional view of the spherical aber-
ration correcting element of FIG. 2A;

FIG. 3A 1s a front view of the other spherical aberration
correcting element;

FIG. 3B 1s a cross-sectional view of the spherical aber-
ration correcting element of FIG. 3A;

FIG. 4 1s a graph showing diffraction efficiencies of phase
gratings 1n various blazed wavelengths;
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FIG. 5A shows an optical system of an optical pick-up
according to a second embodiment;

FIG. 5B 1s a front view of the laser module used 1n the
optical pick-up of FIG. 5A;
FIG. 6 1s a lens diagram of a composite objective lens

according to a first example with the cover layer of a thin
cover type optical disc such as a DVD;

FIGS. 7A and 7B are graphs showing various aberrations
of the composite objective lens according to the first
example when the thin cover type optical disc 1s used;

FIG. 8 1s a lens diagram of the composite objective lens
according to the first example with a cover layer of a thick
cover type optical disc such as a CD or a CD-R;

FIGS. 9A and 9B are graphs showing various aberrations
of the composite objective lens according to the first
example when the thick cover type optical disc 1s used;

FIG. 10 15 a lens diagram of a composite objective lens
according to a second example with the cover layer of the
thin cover type optical disc;

FIGS. 11A and 11B are graphs showing various aberra-
tions of the composite objective lens according to the second
example when the thin cover type optical disc 1s used;

FIG. 12 15 a lens diagram of the composite objective lens
according to the second example with a cover layer of the
thick cover type optical disc;

FIGS. 13A and 13B are graphs showing various aberra-
fions of the composite objective lens according to the second
example when the thick cover type optical disc 1s used;

FIG. 14 1s a lens diagram of a composite objective lens
according to a third example with the cover layer of the thin
cover type optical disc;

FIGS. 15A and 15B are graphs showing various aberra-
tions of the composite objective lens according to the third
example when the thin cover type optical disc 1s used;

FIG. 16 1s a lens diagram of the composite objective lens
according to the third example with a cover layer of the thick
cover type optical disc: and

FIGS. 17A and 17B are graphs showing various aberra-
tions of the composite objective lens according to the third
example when the thick cover type optical disc 1s used.

DESCRIPTION OF THE EMBODIMENTS

First Embodiment

FIG. 1 shows an optical system of the optical pick-up
according to a first embodiment. The optical pick-up 1s
applied to an optical disc apparatus that i1s capable of
recording/reproducing a plurality of kinds of optical discs

(e.g., CD, CD-R and DVD) provided with cover layers
having different thickness.

The optical system of the optical pick-up includes a DVD
module 11, a CD module 12, a beam combiner 13, a
collimator lens 14 and a composite objective lens 20. Each
of the modules 11 and 12 1s provided with a semiconductor
laser and a sensor that are mounted on a common substrate.
The semiconductor lasers in the modules 11 and 12 emat
laser beams having different wavelength and they are
switched according to the kind of optical discs.

The optical system of the first embodiment 1s an infinite
system. The laser beam from each module 1s converted into
the parallel laser beam through the collimator lens 14 and is
incident on the composite objective lens 20. The infinite
system allows a change of the distance between the colli-
mator lens 14 and the composite objective lens 20, which
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enables a separation arrangement where only the composite
objective lens 20 moves along a radial direction of the
optical disc and the light source portion, which includes the
modules 11 and 12, the beam combiner 13 and the collimator

lens 14, 1s fixed.

The composite objective lens 20 consists of a refractive
lens element 21 and a spherical aberration correcting ele-
ment 22. The composite objective lens 20 1s mounted on a
focus adjusting mechanism to adjust the lens position cor-
responding to the position of the information layer of the
optical disc.

The refractive lens element 21 1s a biconvex plastic lens
having aspherical surfaces 211 and 212. The refractive lens
clement 21 has positive refractive power to converge the
light beams from the modules 11 and 12 onto recording
layers of the optical discs.

The spherical aberration correcting element 22 1s pro-
vided with a concentric phase grating structure on the
second surface 222. The first surface 221 1s a continuous
surface. The phase grating structure alters spherical aberra-
tion 1n response to change of wavelength to correct change
of the spherical aberration due to change of the thickness of
the cover layer. The shape of the phase grating will be
described later.

The DVD 1s a thin cover type optical disc that has higher
recording density and the thickness of the cover layer
thereof 1s 0.6 mm. In order to form a fine beam spot on the
DVD, a laser beam whose wavelength 1s within a range of
635 nm through 660 nm 1s required. On the other hand, the
CD-R and the CD are thick cover type optical discs that have
lower recording density. The thickness of the cover layer of
the CD-R or the CD 1s 1.2 mm. The CD-R requires a laser
beam of about 780 nm wavelength due to 1ts spectral
reflectance.

Therefore, a semiconductor laser of the DVD module 11
emits the laser beam of 657 nm wavelength, a semiconduc-
tor laser of the CD module 12 emits the laser beam of 780

nm or 785 nm wavelength.

The laser beam emitted from the semiconductor laser
converges onto the information layer through the cover layer

D1 (shown by a solid line) or D2 (shown by a dotted line).

When the thin cover type optical disc having the thin
cover layer D1 1s used, the DVD module 11 1s operated to
emit the laser beam L1 (shown by a solid line). The
composite objective lens 20 1s located at the position shown
by a solid line. The laser beam L1 1s converged onto the
information layer of the thin cover type optical disc through
the thin cover layer D1.

When the thick cover type optical disc having the thick
cover layer D2 1s used, the CD module 12 1s operated to emat
the laser beam L2 (shown by a dotted line). The composite
objective lens 20 1s moved to the position shown by a dotted
line to follow the displacement of the recording layer. The
laser beam L2 1s converged onto the information layer of the
thick cover type optical disc through the thick cover layer

D2.

FIG. 2A 1s a front view of the spherical aberration
correcting element 22 viewed from the refractive lens ele-
ment 21, and FIG. 2B 1s a sectional view thereof. The first
surtace 221 of the spherical aberration correcting element 22
1S a continuous surface, 1.¢., a flat surface or a curved surface
having extremely small curvature. The second surface 222 1s
a grating surface on which the phase grating structure is
formed. The base curve of the second surface 222 1s a flat
plane. The phase grating structure 1s formed, similar to a
Fresnel lens, as a large number of concentric rings each of
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which has a wedge sectional shape. Each of the boundaries
between the adjacent rings i1s formed as a step giving a
predetermined optical path difference in an optical axis
direction.

FIG. 3A 1s a front view of the other spherical aberration
correcting element 23 and FIG. 3B 1s a cross-sectional view
thereof. The first surface 231 of the spherical aberration
correcting element 23 1s a confinuous surface, 1.€., a flat
surface or a curved surface having extremely small curva-
ture. The second surface 232 1s a grating surface on which
the phase grating structure 1s formed. The base curve of the
second surface 232 1s a concave surface that 1s rotationally
symmetrical aspherical surface. The phase grating structure
1s formed as a large number of concentric rings each of
which has a flat surface that 1s perpendicular to the optical
axis. Each of the boundaries between the adjacent rings 1s
formed as a step giving a predetermined optical path differ-
ence 1 an optical axis direction.

FIGS. 2A, 2B, 3A and 3B emphasize the size of the rings

of the phase grating structure. Actually, the height of the step
equals AB/(n-1), i.e., about 1 um, and the number of rings
becomes a few tens. AB 1s a blazed wavelength and n 1s
refractive index.

When the base curve of the grating surface 1s flat plane as
shown 1n FIG. 2B, the lithography method 1s suitable to form
the phase grating structure. Otherwise, when the base curve
of the grating surface 1s curved surface as shown in FIG. 3B,

the phase grating structure can be formed by the mechanical
method with a lathe.

In any case, the phase grating structure has wavelength
dependence such that spherical aberration changes in the
undercorrected direction as wavelength of incident light
INCreases.

The spherical aberration changes i1n the overcorrected
direction as the thickness of the cover layer increases.
Further, the phase grating structure changes the spherical
aberration 1n the undercorrected direction as the wavelength
of the mcident laser beam increases. And thus, since a longer
wavelength laser beam 1s used for the thick cover type
optical disc, and a shorter wavelength laser beam 1s used for
the thin cover type optical disc, the change of the spherical
aberration due to change of the cover layer’s thickness 1s
corrected by the change of the spherical aberration due to the
wavelength dependence of the phase grating structure.

An additional optical path length added by a phase grating

structure 1s expressed by the following optical path ditfer-
ence function ®(h):

O(h)=(P,h*+P ' +Ph°+ . . . )xh

where P, P, and P, are coefficients of second, fourth and
sixth orders, h 1s a height from the optical axis and A 1s
a design wavelength. The function ®(h) represents an
optical path difference between an 1maginary ray that 1s
assumed not to be diffracted by the grating and a ray
that 1s diffracted by the grating, at a point on the phase
grating structure where the height from the optical axis
1s h. In such an expression, a negative value of the
second order coefficient P, represents a positive
paraxial power of the phase grating structure. Further,
the negative power increases with increasing the dis-
tance from the optical axis when the fourth order
coelficient P, 1s larger than zero.
An actual microscopic shape of the phase grating struc-
ture 1s defined like a Fresnel lens having a large number of
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concentric rings. The actual shape ®'(h) is defined by
subtracting Axm (m: integer) from ®(h) as follows.

Q' (I)=(MOD(PJP+P %+ . . . +C, 1)-C)xhy

Symbol A 1s a blazed wavelength for which the steps of
the grating gives an optical path difference by one
wavelength, and the diffractive efficiency becomes the maxi-
mum at the blazed wavelength A,. Symbol C 1s a constant
defining a phase at a boundary between adjacent rings
(0=C<1). The function MOD(x, y) represents the remainder
when x is divided by y. MOD(P,h*+P,h*+ . . . +C, 1) is equal
to zero at the boundary. The phase grating structure 1is
formed on the base curve that is the lens surface of the
refractive lens. Inclines and steps of the ring areas are
designed such that the optical path differences are defined by
®'(h).

The phase grating structure formed on the spherical
aberration correcting eclement 22 satisfies the following
condition (1);

~15<®(h, )/ WP x(h,5)* <=7 (1)

where h,. 1s the height from the optical axis of a point

where a light ray whose NA 1s 0.45 intersects the phase
grating structure.

When the condition (1) 1s satisfied, the variation of the
spherical aberration due to change of the cover layer’s
thickness can be effectively counterbalanced by the variation
of the spherical aberration of the phase grating structure due
to the wavelength change. If the mtermediate term of the
condition (1) becomes lower than —15, the variation of the
spherical aberration due to shift of wavelength becomes too
large. On the other hand, when the intermediate term of the
condition (1) exceeds -7, the variation of the spherical
aberration due to shift of wavelength becomes too small,
which cannot counterbalance the variation of the spherical
aberration due to the change of the cover layer’s thickness.

The shift of wavelength of the laser due to the change of
temperature causes the backfocus of the composite objective
lens 20 to change, which causes focus error. Since the
change of backiocus due to temperature change are very
slow, the focus error can be corrected by the focus adjusting
mechanism 1n the optical pick-up.

On the other hand, the wavelength of the laser 1s rapidly
changed by switching of the laser output between high and
low levels during recording operation. The rapid shift of
wavelength also causes the focus error, and 1t cannot be
perfectly corrected by the focus adjusting mechanism. Thus,
it 1s desirable that the composite objective lens 20 1s con-
stituted such that movement of the focal point 1s reduced.

The movement of the focal point may be reduced by
correcting longitudinal chromatic aberration in general.
However, since the composite objective lens 20 of the
embodiment has the wavelength dependence 1n the spherical
aberration, the perfect correction 1n the longitudinal chro-
matic aberration, on the contrary, increases the movement of
the best focus position. Thus the correction of the chromatic
aberration should be balanced with the variation of the
spherical aberration due to shift of wavelength.

The length of the wavelength A, of the laser beam for the
thin cover type optical disc 1s preferably about 80% of the
same of the wavelength A, of the laser beam for the thick
cover type optical disc. When the difference of the wave-
lengths 1s too small, the large number of steps are required
for the phase grating structure 1n order to sufficiently change
the spherical aberration between two wavelengths. Since the
larce number of steps increase loss of light quantity, the
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wavelengths should have a predetermined difference.
Further, the phase grating becomes too sensitive to the shift
of the wavelength, which narrows the tolerance to the
wavelength of the semiconductor laser.

On the other hand, the difference of the wavelengths are
too large, the averaged diffractive efliciency becomes too
small. The diffractive efficiency of the phase grating struc-
ture 1s 100% at the blazed wavelength Az, while the larger
the difference from the blazed wavelength is, the smaller the
diffractive efficiency 1s. Since the optical pick-up of the
embodiment uses two wavelengths, at least one wavelength
must leave from the blazed wavelength. Thus, the large
difference between the usage wavelengths decreases the
averaged diffractive efficiency.

FIG. 4 1s a graph showing the diffractive efficiencies when
the blazed wavelength A 1s set at 650 nm, 700 nm or 780
nm. In any cases, the diffractive efficiencies are larger than
about 90% 1n the range of 665 nm through 785 nm.
Therefore, when the wavelengths A, and A, are 665 nm and
785 nm, respectively (h;/A,=-0.84), the diffractive efficien-
cies are larger than 90% even 1f the blazed wavelength A,

has any value in the range of 665 nm through 785 nm.
The DVD requires NA of 0.60, while NA of 0.50 1s

enough for the CD or CD-R. The laser beam outside the NA
of 0.50 has, on the contrary, a bad mnfluence on the repro-
ducing of the CD or CD-R. The laser beam having 0.6 1n NA
forms a too small beam spot for the CD or CD-R. Therefore,
the peripheral region 1s preferable to be an exclusive use of
the DVD.

For this purpose, the peripheral area of the spherical
aberration correcting element 22 should be optimized for the
DVD that 1s the thin cover type optical disc. The peripheral
arca 1s the outside of an effective diameter corresponding to
NA 0.45 or NA 0.50. In other definition, the peripheral arca
1s the outside of a 85% line of an effective diameter of the
spherical aberration correcting element 22. The central arca
of the grating surface 1s a common area for the DVD, CD
and CD-R, and the peripheral arca of the grating surface 1s
an exclusive area to the DVD.

The central area 1s formed as a grating surface. The
peripheral area may be formed as a continuous surface or a
ograting surface. In the former case, the aberration of the
peripheral area should be corrected for the DVD. In the later
case, a blazed wavelength of the peripheral area should be
shorter than that of the central area. When the blazed
wavelength of the peripheral area 1s shorter than the central
arca, the diffractive efficiency for the CD or CD-R decreases
and that for DVD increases.

Still further, spherical aberration of a positive refractive
lens varies 1n the overcorrected direction as temperature
rises due to decreasing of the refractive index, and the
semiconductor laser has temperature dependence such that
wavelength of the emitted laser increases as temperature
rises. When the temperature rises, the refractive lens
changes the spherical aberration 1n the overcorrected
direction, and the phase grating structure changes the spheri-
cal aberration 1n the undercorrected direction because the
wavelength of the light emitted from the semiconductor
laser increases. Thus the changes of the spherical aberrations
caused by the refractive lens and the phase grating structure
can be counterbalanced to each other.

Therefore, when the refractive lens element 21 1s made
from resin whose refractive index decreases as temperature
increases, the phase grating structure 1s desirable to be
formed 1n the peripheral region as well as 1n the center
region. In such a case, the phase grating structure in the
peripheral region 1s desirable to have shorter blazed wave-
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length than that 1n the center region 1n order to increases the
diffractive efficiency of the laser beam for the DVD.

Second Embodiment

FIG. 5A shows an optical system of an optical pick-up
according to a second embodiment. The optical system
includes a laser module 30 and the composite objective lens
20. The optical system of the second embodiment 1s a finite
system 1n which divergent light beams are incident on the
composite objective lens 20.

The laser module 30 1s, as shown 1n FIG. 5B, provided
with one-chip semiconductor laser 32, a prism 33 and a pair
of sensors 34a and 34bH on a silicon substrate 31. The
semiconductor laser 32 consists of a pair of different active
layers on a common chip to form a pair of light emitting
points 32a and 32b whose emission wavelengths are differ-
ent to each other. The distance between the light emitting
points 1s about 100 um. The laser beam emitted from the
light emitting point 32a or 32b 1s reflected by a 45 degrees
slope of the prism 33 to be incident on the composite
objective lens as a divergent light beam.

The composite objective lens 20 1s similar to that of the
first embodiment, 1t consists of the refractive lens element 21
and the spherical aberration correcting element 22.

When the thin cover type optical disc having the thin
cover layer D1 1s used, the light emitting poimnt 32a 1is
operated to emit the laser beam L1 (shown by a solid line)
having shorter wavelength. The composite objective lens 20
1s located at the position shown by a solid line. The laser
beam L1 1s converged onto the information layer of the thin
cover type optical disc through the thin cover layer D1.

When the thick cover type optical disc having the thick
cover layer D2 1s used, the light emitting point 326 1is
operated to emit the laser beam L2 (shown by a dotted line)
having longer wavelength. The composite objective lens 20
1s moved to the position shown by a dotted line to follow the
movement of the recording layer. The laser beam L2 1is
converged onto the information layer of the thick cover type
optical disc through the thick cover layer D2.

Three concrete examples of the composite objective lens
20 according to the first embodiment will be described
hereinafter. The composite objective lens 20 of the examples
are designed for the compatible optical pick-up for both of
the thin cover type optical disc having 0.6 mm thickness
cover layer such as a DVD and the thick cover type optical
disc having 1.2 mm thickness cover layer such as a CD or
a CD-R. The phase grating structure 1s formed on the second
surface 222 of the spherical aberration correcting element

22.

FIRST EXAMPLE

FIG. 6 shows the composite objective lens 20 of the first
example and the cover layer D, of the thin cover type optical
disc. FIG. 8 shows the composite objective lens 20 with the
cover layer D, of the thick cover type optical disc. The
numerical constructions thereof are described in TABLE 1.
The surfaces #1 and #2 represent the spherical aberration
correcting element 22, the surfaces #3 and #4 represent the
refractive lens element 21 and the surfaces #5 and #6
represent the cover layer of the optical disc.

In TABLE 1, NA denotes numerical aperture, f (unit: mm)
denotes the total focal length, o (unit: degree) denotes half
angle of view, A, (unit: nm) denotes the wavelength for the
thin cover type optical disc, A, (unit: nm) denotes the
wavelength is for the thick cover type optical disc, Az (unit:
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nm) denotes a blazed wavelength for the central area, h,s
(unit: mm) denotes the height from the optical axis of a point
where a light ray of which NA 1s 0.45 intersects the phase
grating structure, r (unit: mm) denotes a radius of curvature
of a surface (the values at the vertex for aspherical surface),
d, (unit: mm) denotes a distance between the surfaces along
the optical axis for the thin cover type optical disc, d, (unit:
mm) denotes the distance for the thick cover type optical
disc, nA denotes a refractive index at a wavelength A nm and
vd denotes an Abbe number.

The base curve of the surface 222 (surface #2) of the
spherical aberration correcting element 22 1s a flat surface.
Both of the surfaces 211 and 212 of the refractive lens
clement 21 are also rotationally symmetrical aspherical
surfaces. The rotationally symmetrical aspherical surface 1s
expressed by the following equation:

W e

X(h) =
V1-—(1+K)h2c2

+ A4h4 + Aﬁhﬁ + Aghg + Alghlﬂ + Alzhlz

1 +

X(h) 1s a SAG, that is, a distance of a curve from a
tangential plane at a point on the surface where the height
from the optical axis is h. Symbol c is a curvature (1/r) of the
vertex of the surface, K 1s a conic constant, A, A, Ag, A,
and A, are aspherical surface coeflicients of fourth, sixth,
eighth, tenth and twelfth orders, respectively. The constant K

and coeflicients A, through A, are shown in the following,
TABLE 2.

Further, TABLE 2 indicates respective coeflicients of
second, fourth, sixth, eighth and tenth orders P,, P, P, P4
and P, , of the optical path difference function ®(h) to define
the phase grating structure formed on the second surface 222
of the spherical aberration correcting element 22.

TABLE 1
A =657Tnm NAO060 f=350mm =10 hys=1.60mm
A =78 ntm NAO04S =352mm w=1.0°
ho = 700 nm
Surface
Number r d1 d2 n657 n785 vd
#1 o 1.000  1.000  1.54056  1.53665 55.6
#2 o 0.200  0.200
#3 2.084 2400 2.400  1.54056  1.53665 55.6
#4 -12.230  1.706  1.344
#5 o 0.600  1.200
#0 e
TABLE 2
Surface #2 Surface #3 Surface #4
K — ~0.4400 0.0000
A, — -1.2400 x 107 1.9840 x 107~
Ag — -2.2800 x 107*  -5.8000 x 1073
A — ~-8.6000 x 107> 4.7300 x 1074
A — 2.3300 x 107 1.0200 x 107
A — -6.3900 x 107° 0.0000
P, 0.0000
P, -1.3200
P, ~-2.1400 x 1071
P, 2.5100 x 1077
P 0.0000

[
-

FIGS. 7A and 7B show third order aberrations of the

objective lens according to the first example when the thin
cover type optical disc 1s used at wavelength of 657 nm:
FIG. 7A shows spherical aberration SA at wavelengths 649
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nm, 657 nm and 665 nm: and FIG. 7B shows astigmatism (S:
Sagittal, M: Meridional).

The vertical axes in FIG. 7A represents the numerical
aperture NA, and the vertical axis in FIG. 4B represents

image height Y. Unit of the horizontal axis 1s “mm”™ 1n each
of FIGS. 7A and 7B. FIGS. 9A and 9B are graphs that are

similar to FIGS. 7A and 7B when the thick cover type optical
disc 1s used at wavelength of 785 nm.

The spherical aberrations sufficiently corrected at both of
657 nm and 785 nm as shown in FIGS. 7A and 9A.

In the first example, the phase grating structure 1s formed
on the second surface 222 of the spherical aberration cor-
recting element 22 within the entire area in an effective
radius. The heights of the boundaries among the rings are
shown 1n TABLE 3. In the first example, the base curve of
the surface 222 1s a flat surface as shown m FIG. 2B, the
actual shape Ax(h) of the surface 222 is directly expressed
by the optical path difference function as follows:

Ax(h)=MOD(P,h*+P h*+ . . ., Dxhg/(n-1).
TABLE 3
Ring Ring Ring
Number h (mm) Number  h (mm) Number h (mm)

1 0.90°7 3 1.658 25 1.939
2 1.069 14 1.688 26 1.957
3 1.176 15 1.715 27 1.975
4 1.258 16 1.742 28 1.993
5 1.326 7 1.767 29 2.011
0 1.384 18 1.791 30 2.027
7 1.434 19 1.815 31 2.044
8 1.480 20 1.837 32 2.060
9 1.521 21 1.859 33 2.076

10 1.559 22 1.880 34 2.092

11 1.594 23 1.900

12 1.627 24 1.920

The central area that is the inside of h,s (=1.600 mm)
covers the rings whose numbers are 1 though 11, and the
peripheral area that 1s the outside of h,. covers the rings
whose number are 12 through 34. The blazed wavelength 1n
the central area 1s equal to 700 nm and the blazed wave-
length of the peripheral area 1s equal to 657 nm. That 1s, the
peripheral area 1s optimized for the DVD.

SECOND EXAMPLE

FIG. 10 shows the composite objective lens 20 of the
second example and the cover layer D, of the thin cover type
optical disc. FIG. 12 shows the composite objective lens 20
with the cover layer D, of the thick cover type optical disc.
The numerical constructions thereof are described 1n
TABLE 4. TABLE 5 represents the conic constants, the
aspherical coeflicients and the coetlicients of the optical path
difference function.

TABLE 4
A =0657Tnm NAO060 f=380mm w=09 hys=172mm
A =780nm NAOSO f=382mm o=0.9"
he = 700 nm
Surface
Number I dl d2 n657 n785 vd
#1 0 1.500 1.500 1.54056 1.53677 556
#2 0 0.250 0.250
#3 2.434 2.840 2.840 1.54056 1.53677 556
#4 -7.826 1.862 1.500
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TABLE 4-continued

Ay =0657nm NAO0G0 f=380mm =09 hys=172mm
A =780nm NAOSO f=382mm o=09°
he = 700 nm
Surface
Number I dl d2 n657 n785 vd
#5 o 0.600  1.200
#6 oy
TABLE 5
Surface #2 Surface #3 Surface #4
K 0.0000 —0.4400 0.0000
A, 1.500 x 1077 ~-4.2045 x 107 1.4000 x 1077
A, 0.0000 -9.6210 x 10> -3.1400 x 1077
Ag 1.500 x 107> 4.2851 x 107° 3.0500 x 1074
A,,  0.0000 ~-4.6156 x 107°  -8.0000 x 10°°
A,  0.0000 ~4.,0000 x 10~/ 0.0000
P, 0.0000
P, -1.1551
P, 0.0000
P, -1.1550 x 10~
P 0.0000

[y
-

FIGS. 11A and 11B show spherical aberration and astig-
matism when the thin cover type optical disc 1s used at
wavelength of 657 nm. FIGS. 13A and 13B show spherical
aberration and astigmatism when the thick cover type optical
disc 1s used at wavelength of 780 nm.

In the second example, the phase grating structure is
formed on the aspherical base curve. Accordingly, the
spherical aberration of the phase grating structure can be
counterbalanced with the spherical aberration of the aspheri-
cal base curve with keeping the wavelength dependence of
the spherical aberration correcting element 22. This mini-
mize bending of a light ray at the spherical aberration
correcting element 22, which reduces the change of various
aberrations due to change of distance between the refractive
lens element 21 and the spherical aberration correcting
clement 22.

The actual shape of the grating surface i1s defined to
overlap the phase grating structure represented by the optical
path difference function described above on the base curve.
As a result, the surface of the each ring 1s a flat surface that
1s perpendicular to the optical axis as shown in FIG. 3B. The
step T is equal to Az/(n-1)=0.0007/(1.53906-1)=0.0013
(mm). That is, the step is 1.3 um.

THIRD EXAMPLE

FIG. 14 shows the composite objective lens 20 of the third
example and the cover layer D, of the thin cover type optical
disc. FIG. 16 shows the composite objective lens 20 with the
cover layer D, of the thick cover type optical disc. The
numerical constructions thereof are described in TABLE 6.
TABLE 7 represents the conic constants, the aspherical
coellicients and the coetficients of the optical path difference
function.
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TABLE 6
A =657Tnm NAO060 f=300mm w=11" hys=138mm
A, =780nm NAOSO =308mm o=1.1°
Az = 657 nm
Surface
Number I dl d2 n657 n785 vd
#1 0 1.500 1.500 1.54056 1.53677  55.6
#2 0 0.200 0.200
#3 1.954 2.287  2.287 1.54056 1.53677  55.6
#4 -6.293 1.421 1.500
#5 0 0.600 1.200
#6 <O
TABLE 7
Surface #2 Surface #3 Surface #4
K 0.0000 -0.4430 0.0000
A, 3.200 x 10~ -8.8000 x 107 2.6900 x 1077
Ag 2.300 x 107 ~-1.5100 x 107*  -9.3440 x 10~
Ag 3.800 x 107> -8.5000 x 107 1.4050 x 1077
Al 0.0000 3.0000 x 10~7  =5.7000 x 10™
Al 0.0000 -8.0200 x 107° 0.0000
P, 0.0000
P, -2.6326
P -1.8917 x 1071
P, ~-3.1279 x 107
P 0.0000

[y
-

FIGS. 15A and 15B show spherical aberration and astig-
matism when the thin cover type optical disc 1s used at
wavelength of 657 nm. FIGS. 17A and 17B show spherical
aberration and astigmatism when the thick cover type optical
disc 1s used at wavelength of 780 nm.

In the third example, the phase grating structure 1s formed
on the aspherical base curve as well as the second example.
Accordingly, the spherical aberration of the phase grating
structure can be counterbalanced with the spherical aberra-
tion of the aspherical base curve with keeping the wave-
length dependence of the spherical aberration correcting
clement 22.

The actual shape of the grating surface 1s defined to
overlap the phase grating structure represented by the optical
path difference function described above on the base curve.
As a result, the surface of the each ring 1s a flat surface that
1s perpendicular to the optical axis as shown in FIG. 3B. The
step T is equal to A ,/(n-1)=0.000657/(1.54056-1)=0.00122

(mm). That is, the step is 1.22 um.

In this case, the spherical aberration correcting element 22
has no spherical aberration at 657 nm. Therefore, the refrac-
tive lens element 21 that has no aberration 1n NA 0.60 1s used
with the spherical aberration correcting element 22. The
peripheral area of the grating surface of the spherical aber-
ration correcting element 22 1s formed as a continuous
surface. The peripheral area contributes to form a beam spot
with the light beam at 657 nm without light loss due to the
phase grating structure. On the other hand, the peripheral
portion does not contribute to form a beam spot with the

light beam at 780 nm, which can avoid to form too small
beam spot for the CD or CD-R.

The following TABLE 8 shows the values of the first to
three examples for the condition (1). Since all of the
embodiments satisfy the condition (1), the deterioration of
the wave front aberration due to change of the cover layer’s
thickness can be reduced.
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TABLE &8

Examples

First Example  Second Example  Third Example

Condition (1) ~11.2 ~10.9 ~11.2

D(hys)/h - P, X (1'145)2

The present disclosure relates to the subject matter con-
tained 1n Japanese Patent Application No. HEI 11-002563,
filed on Jan. 8, 1999, which 1s expressly incorporated herein
by reference 1n its entirety.

What 1s claimed 1s:

1. An optical pick-up that 1s used for at least two kinds of
optical discs respectively provided with cover layers having
different thicknesses, said optical pick-up comprising:

a plurality of light sources that emit light beams having
different wavelengths, said plurality of light sources
being switched with each other according to the kind of
optical disc used;

a refractive lens element that converges said light beams
from said plurality of light sources onto recording
layers of said optical discs; and

a spherical aberration correcting element on which a
concentric phase grating structure 1s formed, said phase
ograting structure altering a spherical aberration 1n
response to a change of wavelength to correct a change
of the spherical aberration due to a change of the
thickness of said cover layer, wherein said spherical
aberration correcting element 1s located between said
plurality of light sources and said refractive lens
clement, said phase grating structure having a wave-
length dependence such that said spherical aberration
varies 1n an undercorrected direction as a wavelength of
incident light increases, the following condition (1)
being satisfied:

~15<®(h,5)/h—Px(h,5) <=7 (1)

where h, < 1s the height from the optical axis of a point where
a light ray of which NA 1s 0.45 imntersects said phase grating
structure, A 1s a design wavelength, and P, 1s a second order
coellicient when an additional optical path length added by
said phase grating structure 1s expressed by the following
optical path difference function ®(h):

O(h)=(P, 7 +P ' +P 5+ . . . )xh

where P, and P, are coefficients of forth and sixth orders,
and h 1s a height from the optical axis.

2. The optical pick-up according to claim 1, said spherical
aberration correcting element diffracting said light beams 1n
a same diffractive order, said concentric phase grating struc-
ture being formed on a rotationally symmetrical aspherical
surface of said spherical aberration correcting element.

3. The optical pick-up according to claim 2, wherein said
spherical aberration correcting element has no paraxial
pPOWEr.

4. The optical pick-up according to claim 2, wherein one
of said plurality of light sources having shorter emitting
wavelength 1s used for one kind of said optical discs having
a thinner cover layer that has higher recording density, and
wherein another of said light sources having longer emitting
wavelength 1s used for another kind of said optical discs
having a thicker cover layer that has lower recording density.

5. The optical pick-up according to claim 4, wherein a
peripheral area of the grating surface of said spherical
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aberration correcting element 1s formed as a continuous
surtace optimized for the one kind of optical disc having the
thinner cover layer, said peripheral area 1s outside of an
cliective diameter corresponding to a numerical aperture
required for the another kind of optical disc having the
thicker cover layer.

6. The optical pick-up according to claim 4, wherein a
peripheral area of the grating surface of said spherical
aberration correcting element has a different phase grating
structure from that of a central area, said phase grating
structure of said peripheral area 1s optimized for the one kind
of optical disc having the thinner cover layer, and wherein
said peripheral area 1s outside of an effective diameter
corresponding to a numerical aperture required for the
another kind of optical disc having the thicker cover layer.

7. The optical pick-up of claim 6, wherein a blazed
wavelength of said phase grating structure 1n said peripheral
arca 1s shorter than a blazed wavelength of said phase
grafing structure in said central area.

8. The optical pick-up according to claim 2, further
comprising a collimator lens located between said plurality
of light sources and said spherical aberration correcting
clement to convert divergent light beams 1nto parallel light
beams.

9. The optical pick-up according to claim 2, wherein
divergent light beams emitted from said plurality of light
sources are 1ncident on said spherical aberration correcting
clement.

10. A objective lens of an optical pick-up that 1s used for
at least two kinds of optical discs respectively provided with
cover layers having different thicknesses, said composite
objective lens comprising:

a refractive lens element having a positive power; and

a spherical aberration correcting element on which a
concentric phase grating structure 1s formed, said phase
ograting structure altering a spherical aberration 1n
response to a change of a wavelength to correct a
change of the spherical aberration due to a change of
the thickness of said cover layer, wherein said phase
grating structure has a wavelength dependence such
that said spherical aberration varies 1n an undercor-
rected direction as a wavelength of incident light

increases, and wherein the following condition (1) 1s
satisfied:

~15<®(h,5)/h—Px(h,5)* <=7 (1)

where h, < 1s the height from the optical axis of a point where
a light ray of which NA 1s 0.45 intersects said phase grating
structure, A 1s a design wavelength, and P, 1s a second order
coellicient when an additional optical path length added by
said phase grating structure 1s expressed by the following
optical path difference function ®(h):

O(M)=(P,h*+P W +PJ°+ . . . )xh

where P, and P, are coefficients of forth and sixth orders,
and h 1s a height from the optical axis.

11. The objective lens of an optical pick-up according to
claim 10, said spherical aberration correcting element dif-
fracting light beams having different wavelengths in a same
diffractive order, said concentric phase grating structure
being formed on a rotationally symmetrical aspherical sur-
face of said spherical aberration correcting element.

12. The composite objective lens according to claim 11,
wherein said spherical aberration correcting element has no
paraxial power.

13. The composite objective lens according to claim 11,
wherein said refractive lens element 1s a double-aspherical
and single-piece lens.
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14. The composite objective lens according to claim 11,
wherein one surface of said spherical aberration correcting,
clement comprises a continuous surface and an other surface
comprises said phase grating structure.

15. The composite objective lens according to claim 11,
wherein said phase grating structure 1s formed within a
central area of the grating surface of said spherical aberra-
fion correcting element, and a peripheral area of said grating
surface 1s formed as a continuous surface, and wherein said
peripheral area and said central area are divided by a 85%
line of an effective diameter of said spherical aberration
correcting element.

16. The composite objective lens according to claim 11,
wherein said phase grating structure 1s formed 1n the entire
arca ol the grating surface of said spherical aberration
correcting element, a blazed wavelength of said phase
grafing structure in a peripheral area of said grating surface
1s shorter than a blazed wavelength of a central area of said
orating surface, and wherein said peripheral area and said
central areca are divided by a 85% line of an elfective
diameter of said spherical aberration correcting element.

17. A spherical aberration correcting element that 1s used
in combination with a refractive lens element 1n an optical
pick-up that 1s used for at least two kinds of optical discs
respectively provided with cover layers having different
thickness, said correcting element comprising:

a concentric phase grating structure that alters a spherical
aberration 1n response to a change of a wavelength to
correct a change of the spherical aberration due to a
change of the thickness of said cover layer, wherein
said concentric phase grating structure has a wave-
length dependence such that a spherical aberration
varies 1n an undercorrected direction as a wavelength of
an 1ncident light increases, and wherein the following
condition (1) is satisfied:

~15<®(h, )/ WP x(h,s)" <=7 (1)

where h, - 1s the height from the optical axis of a point where
a light ray of which NA 1s 0.45 intersects said phase grating,
structure, A 1s a design wavelength, and P, 1s a second order
coellicient when an additional optical path length added by
said phase grating structure 1s expressed by the following
optical path difference function ®(h):

O(M)=(P.l+P " +Ph°+ . .. )xA

where P, and P, are coeflicients of forth and sixth orders,
and h 1s a height from the optical axis.

18. The spherical aberration correcting element according
to claim 17, wheremn light beams having different wave-
lengths are diffracted 1n a same diffractive order, said
concentric phase grating structure being formed on a rota-
tionally symmetrical aspherical surface of said spherical
aberration correcting element.

19. The spherical aberration correcting element according
to claim 18, wherein a paraxial power 1s not provided.

20. The spherical aberration correcting element according
to claim 18, wherein one surface 1s a continuous surface and
the other surface is the grating surface.

21. The spherical aberration correcting element according
to claim 18, wherein said concentric phase grating structure
1s formed within a central area of a grating surface, and a
peripheral area of said concentric phase grating surface 1s
formed as a continuous surface, and wherein said peripheral
arca and said central areca are divided by a 85% line of an
cliective diameter.

22. The spherical aberration correcting element according
to claim 18, wherein said concentric phase grating structure
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1s formed 1n an entire areca of a grating surface, a blazed and wherein said peripheral area and said central area are
wavelength of said concentric phase grating structure in a divided by a 85% line of an effective diameter.

peripheral area of said grating surface being shorter than a
blazed wavelength of a central area of said grating surface, %k ok k%
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